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ABSTRACT 

The presence of hot X-ray emitting gas is ubiquitous in massive early-type galaxies. However, much 
less is known about the content and physical status of the hot X-ray gas in low-mass ellipticals. In 
the present paper we study the X-ray gas content of four low-mass elliptical galaxies using archival 
Chandra X-ray observations. The sample galaxies, NGC821, NGC3379, NGC4278, and NGC4697, 
have approximately identical K-band luminosities, and hence stellar masses, yet their X-ray appear- 
ance is strikingly different. We conclude that the unresolved emission in NGC821 and NGC3379 is 
built up from a multitude of faint compact objects, such as coronally active binaries and cataclysmic 
variables. Despite the non-detection of X-ray gas, these galaxies may host low density, and hence low 
luminosity, X-ray gas components, which undergo a Type la supernova (SN la) driven outflow. We 
detect hot X-ray gas with a temperature of kT ~ 0.35 keV in NGC4278, the component of which has 
a steeper surface brightness distribution than the stellar light. Within the central 50" (~3.9 kpc) the 
estimated gas mass is ~3 x 10 7 M©, implying a gas mass fraction of ^0.06%. We demonstrate that 
the X-ray gas exhibits a bipolar morphology in the northeast-southwest direction, indicating that it 
may be outflowing from the galaxy. The mass and energy budget of the outflow can be maintained 
by evolved stars and SNe la, respectively. The X-ray gas in NGC4697 has an average temperature of 
kT ~ 0.3 keV, and a significantly broader distribution than the stellar light. The total gas mass within 
90" (~5.1 kpc) is ~2.1 x 10 s M©, hence the gas mass fraction is ~0.4%. Based on the distribution and 
physical parameters of the X-ray gas, we conclude that it is most likely in hydrostatic equilibrium, 
although a subsonic outflow may be present. 

Subject headings: galaxies: elliptical and lenticular, cD — galaxies: individual (NGC821, NGC3379, 
NGC4278, NGC4697) — galaxies: ISM — X-rays: galaxies — X-rays: general - 
X-rays: ISM 



1. INTRODUCTION 

Although the hot X-ray emitting gas content 
of massive (M* > 10 11 M©) elli ptical galax- 
ies has been studied in detail (e.g. iForman et"afl 
19851 iMathews & . Brighentil 120031 iRandall et al.1 120061: 
Forman et al . 2007; Kraft et al.ll201 lh . the X-ray gas con- 
tent of low-mass ellipticals is less explored. The major 
issue in studying low-mass ellipticals (M < 10 11 M©) is 
their relatively X-ray faint nature. In particular, the ob- 
served X-ray emission from low-mass elliptical galaxies 
is dominated by the populations of resolved and unre- 
solved compact X-ray sources. Besides the populations 
of compact objects, emission from hot X-ray gas may also 
be present, the detection of which may be compromised 
by the underlying emission from unresolved compact ob- 
jects. Moreover, given the shallow potential well of such 
galaxies, the hot X-ray emitting gas may not be in a 
stationary state. SNe la might b e energetically cap able 
of driving galactic-scale outflows (jDavid et al.ll2006l ). In 
agreement with this result, a galactic -scale outflow had 
been detected in the bu lge of M31 (|Li fc Wand l2007t 
iBogdan fc Gilfanovl I2008D and in the Sombrero galaxy 
(|Li et al.ll20iTi r~ 

Detailed X-ray studies of the Milky Way and nearby 
galaxies have led to a better understanding of the origin 
of the resolved and the unresolved X-ray emission. With 
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the superior angular resolution of Chandra, the popula- 
tion of bright low-mas s X-ray binaries (LMXBs) could be 
studied in detail (e.g. iGilfanovl 12004). Moreover, it has 
been established that (at least) a portion of unresolved 
X-ray emission is associated with the stellar population 
and is the superposition of a multitude of faint compact 
sources, such as active binaries ( ABs ) and cataclysmic 
variables ( CVs; iSazonov et al.1 120061 : iRevnivtsev et al.l 
120061 12009f ). Thus, if sufficiently deep Chandra obser- 
vations are available, then the various X-ray emitting 
components can be identified in nearby galaxies, hence 
the diffuse emission from hot X-ray gas can be sepa- 
rated from the population of resolved and faint unre- 
solved compact objects. This extensive knowledge per- 
mits us to determine whether low-mass ellipticals host 
X-ray emitting gas and, additionally, to address the state 
of the hot gas. 

In the present paper, we study four elliptical galaxies, 
whose optical appearances are nearly identical, yet their 
X-ray properties are strikingly different. The four galax- 
ies, NGC821, NGC3379, NGC4278, and NGC4697, are 
relatively nearby (D = 9.8 — 24.1 Mpc) and have deep 
Chandra observations (Figure [T]). Therefore, we are able 
to identify and remove the bulk of the X-ray emission 
from LMXBs, hence bright point sources do not signif- 
icantly contaminate the diffuse emission. Furthermore, 
the low and stable instrumental background of Chandra 
permits us to reliably study low surface brightness emis- 
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Fig. 1. — 0.5 — 2 keV band raw Chandra images of the four analyzed galaxies. The majority of the bright point sources are low-mass 
X-ray binaries associated with the galaxies, while minor fraction of them are background AGN. The overplotted elliptic regions show the 
D25 ellipses, whose extent listed in Table [T] 



sion. The goals of this paper are twofold. First, we aim 
to unveil whether the sample galaxies host a significant 
amount of hot X-ray emitting gas. Second, if they do 
possess X-ray gas, we intend to measure its properties, 
morphology, and understand its physical state. 

Since the X-ray emitting components of NGC821, 
NGC3379, NGC4278, and NGC4697 have already been 
analyzed to a certain extent by other authors, we briefly 
review previous works. The resolved and unresolved X- 
ra y emitting components of NGC821 have been studied 
by iPellegrini etall (pool using Chandra X-ray observa- 
tions. In addition to their thorough analysis of bright 
LMXBs, they also concluded that the bulk of the unre- 
solved emission originates from unresolved LMXBs and 
that hot X-ray gas may only be present in the inner 10" 
region. The unresolv ed X-ray em i ssion o f NGC3379 was 
first investigated by IDavid et al.l (|2005D , based on a 32 



ks Chandra observation. They concluded that X-ray gas 
may be present within the central 15" region with a tem- 
perature of kT = 0.6 k eV. Based on a m u ch de eper, 341 
ks, Chandra data set, iRevnivtsev et all (|2008j ) claimed 
that NGC3379 is virtually gas free, and the unresolved 
X-ray emission is built up from faint undetected com- 
pact objects, mostly b y ABs and CVs. Howe ver, based 
on the same data set, iTrinchic ri et al.l (|2008| ) reported 
that NGC3379 hosts hot X-ray gas in the central 15" re- 
gion, which is outflowing from the galaxy. Although the 
population of resolved sources in NGC4 278 has been ex- 
tensively studied (e.g. IKim et all 120061) . the unresolved 
emission from NGC4278 has not been investigated in 
detail. The unresolved X-r ay emitting c o mpon ents of 
NGC4697 were explored by iSarazin et all (|200lD based 
on a 40 ks Chandra observation. They demonstrated the 
presence of X-ray gas, which has a significantly broader 
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TABLE 1 

Elliptical galaxies studied in this paper. 



Name 


Distance 


L K 


M*/L K 




N H 


Morph. 


^"obs 




-^lim 


£>25 




(Mpc) 


(Lk, ) 


(M @ /L K}Q ) 


(M Q ) 


(cm -2 ) 


type 


(ks) 


(ks) 


(erg s _1 ) 


(2a, 2b, 6) 




(1) 


(2) 


(3) 


(4) 


(5) 


(6) 


(7) 


(8) 


(9) 


(10) 


NGC821 


24.1° 


8.2 x 10 10 


0.83 


6.8 x 10 1() 


6.4 x 10 20 


E6 


229.7 


187.6 


2 x 10 37 


2.45', 2.10', 26.0° 


NGC3379 


9.8 b 


6.1 x 10 10 


0.83 


5.1 x 10 1() 


2.9 x 10 20 


El 


341.4 


310.0 


2 x 10 36 


4.90', 4.27', 71.0° 


NGC4278 


16.1° 


7.1 x 10 10 


0.82 


5.8 x 10 10 


1.8 x 10 20 


El-2 


476.7 


437.5 


4 x 10 36 


2.88', 2.82', 27.5° 


NGC4697 


11.8° 


8.1 x 10 10 


0.82 


6.6 x 10 10 


2.1 x 10 20 


E6 


195.7 


159.9 


5 x 10 36 


7.08', 4.17', 83.1° 



Note. Columns are as follows. (1) R eferences a r e: "ITonrv et al.l l|200U ) - 6 IJensen et~aTl H2003I ). ( 2) Total K-band luminosity (3) K-band 
mass-to-light ratios computed from I Bell et aLl 1 120031) using the B — V color indices of galaxies dde Va ucoulcurs ct al. 1991 ). (4) Tota l 
stellar mass based on the K-band lumino sity and the K- band mass-to-light ratios. (5) Galactic absorption IIDickev & LockmarJll9901) . 
(6) Morphological type, taken from NED (http://nedwww.ipac.caltech.edu/). (7) and (8) Chandra exposure times before and after flare 
filtering. (9) Source detection sensitivity in tne 0.5 - 8 HeV energy range. (10) Major axis diameter, minor axis diameter, and position 
angle of the D25 ellipse. 



distribution than the stellar light. However, more re- 
cently NGC4697 was observed by Chandra for an ad- 
ditional ~150 ks, allowing a better separation of bright 
LMXBs and truly diffuse emission. Additionally, accu- 
rate calibration of the population of faint compact ob- 
jects only became available relatively recently. Hence, 
in some of the previous works, the emission from these 
sources could not be precisely disentangled from the hot 
X-ray gas. Therefore, our uniform analysis of the sample 
galaxies with the most up-to-date calibration of LMXBs 
and faint compact objects can lead to a better under- 
standing of the X-ray gas content of low-mass ellipticals. 

The paper is structured as follows. In Section 2, we 
introduce the analyzed galaxy sample. In Section 3, we 
describe the reduction of the data. In Section 4, we study 
the X-ray gas content of the sample galaxies. The physi- 
cal state of the detected X-ray gas is discussed in Section 
5, and we summarize our results in Section 6. 

2. SAMPLE SELECTION 

To identify the most suitable galaxies for our anal- 
ysis, we rely on the volume limited ATLAS 3D cata- 
log, which consists of 260 nearby early-type galaxies 
( Cappclla ri et al.l 1201 1|) . To study low-mass ellipticals 
that may host a notable amount of hot X-ray gas, we 
selected galaxies with Mk > —24 mag (Lk < 8.2 x 
10 10 Lk,©) and with morphological types T < —1.5. Fi- 
nally, we filtered galaxies by distance and selected those 
with distances D < 30 Mpc. The resulting list includes 
a sample of 41 galaxies. 

In order to study the unresolved emission and unveil 
the presence of a possible hot X-ray gas component, the 
bulk of the luminosity from LMXBs must be removed. 
Therefore, we demand a minimum source detection sen- 
sitivity of ^3 x 10 37 erg s _1 , which assures that at least 
~75% of t he luminosity from LMXBs can be subtracted 
(|Gilfanovl I2004D . To identify galaxies with sufficiently 
deep Chandra exposures, the list of 41 galaxies from the 
ATLAS 3D catalog was cross-correlated with the Chan- 
dra archive. We find that four nearby low-mass ellip- 
tical galaxies have deep enough Chandra data to re- 
solve sources with luminosities exceeding 3 x 10 37 erg s _1 . 
These four galaxies are NGC821, NGC3379, NGC4278, 
and NGC4697. Basic properties of the sample galaxies 
are listed in Table [TJ 

The remaining sample of 37 low-mass elliptical galax- 
ies, identified in the ATLAS 3D catalog, have source de- 



tection sensitivities of >3 x 10 erg s . Their hot X- 
ray gas content and the physical state of the gas will 
be discussed in a forthcoming study (L. David et al. in 
preparation) . 

3. DATA REDUCTION 
3.1. Chandra 

To study the various X-ray emitting components of the 
sample galaxies, we rely on Chandra observations. The 
list of analyzed observations is given in Table [5] To re- 
duce the data, we use the standard CIAO software pack- 
age toolfQ (CIAO version 4.3; CALDB version 4.4.2). 

As a first step in the data preparation, we filter the flare 
contaminated time intervals for each observation, follow- 
ing the method described in IBogdan fe Gilfanovl P008) . 
On average, the clean exposure times are ~10% — 15% 
shorter than the original exposures (Table [5]). For each 
galaxy, the flarc-filtcrcd observations were combined and 
merged to the coordinate system of the observation with 
the longest exposure time. 

To detect point sources, we use the CIAO wavdetect 
tool on the merged unfiltered data set in the 0.5 — 8 keV 
energy range. As our particular aim is to study the dif- 
fuse emission, we changed the values of several parame- 
ters to obtain larger source c ells — for a detailed descrip- 
tion see IBogdan fc Gilfanovl (f2008h . Since NGC3379 and 
NGC4278 host ultraluminous X-ray sources at their cen- 
ters, spill-over counts from these sources could add a no- 
table contribution to the unresolved emission. To avoid 
this problem, we excluded the central 7" and 5" radius re- 
gions of NGC3379 and NGC4278. We note that for point 
source detection, we used the original unfiltered data set, 
since the longer exposures outweigh the high background 
periods, thereby resulting in a better source detection 
sensitivity. The lists of detected sources were used to 
mask out the point sources for further study of the dif- 
fuse emission. To correct for vignetting and to estimate 
source detection sensitivities, exposure maps were pro- 
duced using a power law model with a slope of T — 1.56, 
typical for LMXBs H run et al.l 120031 ). Assuming this 
spectrum, we also estimated the source detection sensi- 
tivity of the combined observations, which for all four 
galaxies is better than ~3 x 10 37 erg s -1 . 

To subtract the background, we use nearby regions 
on the ACIS-S3 CCD for all galaxies but NGC4697. 

1 http://cxc.harvard.edu/ciao/ 
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TABLE 2 

The list of analyzed Chandra observations. 



Geilcixy 


Obs ID 


T k (ks) 

2 obs V-^ 3 / 


- 1 nit y 1 ^^/ 


Instrument 


IN V_J VjOi J. 


4006 


13.7 


9.5 




Q 
O 


IN VjJ VjOi J- 


4408 


25.3 


5 5 




C 

o 


wrraoi 

IN VjV^Oi J- 


5691 


40.1 


35.9 




Q 


IN Vjr vjOi J. 


5692 


28.0 


24.6 


A PTQ 


c 
o 


IN VjV_iOii J- 


6310 


32.4 


29.3 


A r^TQ 


Q 


wrraoi 

IN Vjr vjOi J. 


6313"f 


50.1 


46.7 




c 
o 


Hnraoi 

IN VjVw'Oi X 


6314 


40.1 


36.1 


A PTQ 




in vjuoo i y 


1587 


31.9 


24.8 






in v_x v_< o o ( y 


7073"!" 


85.2 


75.8 




c 
o 


in vjuoo i y 


7074 


70.0 


65.5 




Q 

o 


in v_x v_< o o ( y 


7075 


84.2 


78.0 




c 
o 


in vjuoo i y 


7076 


70.1 


65.9 




Q 


IN V_x v_< 1 ( O 


4741 


37.9 


34.3 




c 
o 


IN VjvIZ ( O 


7077 


111.7 


101.9 


ACIS- 


S 


NGC4278 


7078 


52.1 


45.8 


ACIS- 


S 


NGC4278 


7079 


106.4 


99.0 


ACIS- 


S 


NGC4278 


7080 


56.5 


52.9 


ACIS- 


S 


NGC4278 


7081 t 


112.1 


103.6 


ACIS- 


s 


NGC4697 


784 


39.8 


37.3 


ACIS- 


s 


NGC4697 


4727 


40.5 


36.0 


ACIS- 


s 


NGC4697 


4728 


36.2 


30.9 


ACIS- 


s 


NGC4697 


4729 


38.6 


19.2 


ACIS- 


s 


NGC4697 


4730* 


40.6 


36.5 


ACIS- 


s 



t The coordinate system of these observations was used as refer- 
ence when merging observations. 

This can be done since the optical extent of the galaxies 
does not fill the field-of-view of the ACIS-S3 CCD. For 
NGC4697, we use extra care in subtracting the back- 
ground components for two reasons. First, it is located 
in a galaxy group, and second, the galaxy is located in the 
north polar spur. Therefore, we use the ACIS-S1 CCD 
to determine the total background component, which is 
composed of the instrumental background components 
and the sky background, which includes the soft Galac- 
tic emission, the population of unresolved cosmic X-ray 
background sources, and the emission associated with the 
north polar spur. 

3.2. Two-Micron All Sky Survey 

To derive the stellar mass and trace the stellar light of 
the sample galaxies, we rely on the K-band data of the 
Tw o-Micron All Sky Su rvey (2MASS) Large Galaxy At- 
las (jJarrett et al.l 12003). The K-band images, provided 
by the 2MASS archive, are background subtracted for 
all galaxies, except for NGC4278. Therefore, we used 
regions nearby NGC4278 to estimate and subtract the 
background level. The observed background-subtracted 
K-band counts (S) were converted to physical units us- 
ing 



m K = KMAGZP - 2.5 log S 



(1) 



where tok is the apparent K-band magnitude, and 
KMAGZP is the zero-point magnitude given in the image 
header. For each galaxy we compute rriK using Equation 
(1), which we convert to absolute magnitude and fur- 
ther to luminosity, assuming that the absolute K-band 
magnitude of the Sun is Mk,q = 3.28 mag. 



The total K-band luminosities of the sample galaxies 
are very similar, and lie in the range of (6.1 — 8.2) x 
10 10 Lk q. Based on the K-band luminosity and the 
K-band mass-to-light ratios (M^/Ljc) of the galaxies, 
we compute their total stellar masses. To compute 
the M+/Lk ratios, we rely on the B — V color indices 
(|de Vaucouleurs et al.l I1991D and th e results of galaxy 
evolution modeling ([Bell et al.ll2003l Tabled]). Since the 
derived M+/ Lk ratios are very similar in each galaxy, 
the resulting stellar masses are also compatible and are 
in the range of (5.1 - 6.8) x 10 10 M (Table [J). 

4. THE X-RAY CONTENT OF THE GALAXIES 

To determine whether the sample galaxies host a no- 
table amount of hot X-ray gas, we use three different 
approaches, discussed throughout this section. First, we 
compare the surface brightness distribution of the soft 
(0.3 — 1.2 keV) band unresolved X-ray emission with 
that of the K-band light. Since the distribution of the 
faint compact objects follows the stellar light, a devia- 
tion from the K-band profile may indicate the presence 
of hot gas. Second, we compute X-ray-to-K-band lu- 
minosity (Lx/Lk) ratios of the unresolved X-ray emis- 
sion in the 0.5 — 2 keV energy band and compare these 
with values obtained for admittedly gas-free galaxies and 
the Milky Way. An Lx /Lk ratio significantly exceeding 
that of gas-free galaxies will demonstrate the presence of 
excess X-ray emission, presumably originating from hot 
gas. Finally, we extract X-ray energy spectra of the sam- 
ple galaxies. If hot X-ray gas is present, then its physical 
properties can be measured by spectral fitting. 

4.1. X-ray surface brightness profiles 

To construct X-ray surface brightness distributions of 
the unresolved emission, we extracted profiles in the 
0.3 — 1.2 keV energy range using circular annuli cen- 
tered on the centroid of each galaxy. For each profile, 
detected sources were excluded, a vignetting correction 
was applied, and the background level was subtracted. 
The X-ray light distribution is compared with the K- 
band profiles. To obtain the K-band profiles, the same 
regions were used and the same source regions were ex- 
cluded. The K-band profiles are normalized to approxi- 
mately match the level of X-ray emission. Although the 
normalization of the K-band profiles is arbitrary, the par- 
ticular choice for NGC4278 and NGC4697 was motivated 
by the spatial distribution of the diffuse X-ray emission, 
discussed in Section ^. 51 The resulting profiles are shown 
in Figure [2J 

Figure [5] demonstrates that in two galaxies, NGC3379 
and NGC821, the X-ray light is well traced by the stel- 
lar light distribution at all radii. The good agreement 
between the X-ray and K-band profiles hints that the 
unresolved X-ray emission in these galaxies has a stellar 
origin, that is, it originates from the multitude of faint 
compact objects. However, in NGC4278 and NGC4697, 
the distribution of the X-ray light shows deviations from 
the near-infrared profiles. In particular, the unresolved 
X-ray emission in NGC4278 has a steeper distribution 
in the central regions than the stellar light, whereas at 
larger radii it follows the K-band profile. Thus, an excess 
X-ray emitting component is present within the central 
regions of NGC4278. In NGC4697, the X-ray light ex- 
hibits a significantly broader distribution than the stellar 
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Fig. 2. — Surface brightness distribution of the 0.3 — 1.2 keV band unresolved X-ray emission for the sample galaxies. To construct the 
profiles, we used circular annuli centered on the centroid of each galaxy. Vignetting correction is applied and the background components 
are subtracted. The X-ray light distribution is compared with the K-band light profiles, which are obtained using the same regions. The 
K-band profiles are arbitrarily normalized. 



light. This suggests that the bulk of the unresolved soft 
band X-ray emission arises from the excess X-ray emit- 
ting component, which is present at all radii. The nature 
and properties of the excess X-ray emitting components 
in NGC4278 and NGC4697 are extensively discussed in 
the following sections. 

4.2. Lx/Lk luminosity ratios 

In old stellar populations, the Lx/Lk ratio for 
the population of faint compact objects is fairly 
uniform, and is in the range of £n.5-2kcv/-kif = 

(3 - 8) x 10 27 erg s~] ^ (ISazonov et all [20061: 
IRevnivtsev eTall [200l IBogdan fc Gilfanovl I20li[ ). By 
computing the Lx/Lk ratios for the sample galaxies, 
we can determine whether the unresolved X-ray emis- 
sion is dominated by faint compact and stellar sources 
or if other X-ray emitting components also play a role. 

To compute the Lx / Lk ratios for each galaxy, we ex- 
tracted X-ray energy spectra of the -D25 regions with 
detected point sources excluded. The spectra were de- 
scribed with a two component model consisting of an 
optically-thin thermal plasma emission model (APEC in 
Xspec) and a power law model. The abundances were 
left free to vary, wher eas the column density w as fixed 
at the Galactic value (|Dickev fe Lockmanlll990j) . From 



the best-fit spectra, we computed the total 0.5 — 2 keV 
X-ray luminosity, which was used to derive the Lx / Lk 
ratio for the D25 regions. 

However, the measured X-ray luminosities do not only 
reflect the luminosity of the undetected faint compact 
objects and possible hot gas, but are also contaminated 
by two other factors. First, a relatively small frac- 
tion (< 2%) of the detected source counts falls out- 
side the source cells and contributes to the unresolved 
emission, which must be taken into account. Second, 
the available Chandra exposures do not allow us to re- 
solve all LMXBs. Therefore, the contribution of unre- 
solved LMXBs must also be subtracted. To account for 
these conta minating factors, we follow the techniques 
described in IBogdan fc Gilfanovl (|2011| ). The residual 
counts from the detected sources are subtracted on a 
source-by-source basis, whereas the contribution of un- 
resolved LMXBs is removed using the average LMXB 
luminosity function (jGilfanov 20041). 

The observed and contamination subtracted 0.5 — 2 
keV band X-ray luminosities, the K-band luminosity, 
and the resulting Lx /Lk ratios are listed in Table |5j 
In the same table we also list the ratios for the gas- 
free c ompact elliptical galaxy, M32 (IBogdan fc Gilfanovl 
1201 ID . and the Solar neighborhood (ISazonov et alJ^ OOe). 
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TABLE 3 

Lx /Lk ratios observed for the sample galaxies 



1 nyv 
v ' (1 1 < \ -\ V 


^0.5— 2kcV 


-^0.5 — 2kcV,XB,sub 


Lv 


^0.5 — 2keV,XB,sub/^ / .fC 




(erg s -1 ) 


(erg s -1 ) 


(Lk, @ ) 


(erg s" 1 Lk,©" 1 ) 




(1) 


(2) 


(3) 


(4) 


NGC821 


2.9 x 10 38 


2.8 x 10 38 


8.2 x 10 10 


3.4 x 10 27 


NGC3379 


2.4 x 10 38 


2.2 x 10 38 


6.1 x 1Q 10 


3.6 x 10 27 


NGC4278 


1.2 x 10 39 
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Note. Columns are as follows. (1) Total observed 0.5 — 2 keV band X-ray luminosity within the D25 ellipse after the removal of all 
detected point sources. The contribution of CXB sources and the contribution of source counts falling outside the source cells have been 
subtracted. (2) Total observed 0.5 — 2 keV band X-ray luminosity within the D25 ellipse after the emission from unresolved LMXBs is 
subtracted. (3) K-band luminosity of galaxies. (4) Contamination subtracted Lx/Lk ratios in the 0.5 — 2 keV energy range, computed 
from Columns (2) and (3). 
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Fig. 3. — X-ray energy spectra of the four studied galaxies ob- 
tained for the D25 regions. To facilitate comparison, the spectra 
are normalized to the K-band luminosity of 10 Lk,0 and to the 
distance of 10 Mpc. Bright point sources are excluded and the 
background components are subtracted. 

The contamination-subtracted Lx /Lk ratios obtained 
for NGC821 and NGC3379 are in the range of (3 - 

4) x 10 27 erg s -1 Lk,© , in good agreement with the 
ratios observed for M32 and for the Solar neighbor- 
hood. However, in NGC4278 and NGC4697, we observe 
(1.5 - 3.2) x 10 28 erg s" 1 L K , Q ~\ a factor -4 -10 times 
larger than that obtained for gas-free systems. Thus, 
based on the Lx/Lk ratios, the unresolved emission 
in NGC821 and NGC3379 is dominated by the popula- 
tion of faint compact objects, whereas in NGC4278 and 
NGC4697, an additional X-ray emitting component is 
present, presumably originating from X-ray gas. Based 
on the observed 0.5 — 2 keV band Lx/Lk ratios, we es- 
timate that the contribution of faint unresolved sources 
is -25% in NGC4278 and -10% in NGC4697, implying 
that the hot X-ray gas is predominant at energies below 
-2 keV. 

4.3. X-ray energy spectra 

To confirm the presence of hot X-ray gas in NGC4278 
and NGC4697, we extracted their X-ray energy spec- 
tra and compared them to those derived for the gas-free 
galaxies NGC821 and NGC3379. The spectra, shown in 
Figure [3j are extracted from within the -D25 regions. To 



facilitate the comparison of the observed spectra, we nor- 
malize the spectra to the K-band luminosity of 10 11 Lk,© 
and the distance of 10 Mpc. Bright point sources are ex- 
cluded and all background components are subtracted 
from the depicted spectra. 

The spectra demonstrate that NGC4278 and NGC4697 
host a prominent soft component at energies < 1.5 keV, 
whereas this component is about an order-of-magnitude 
weaker in NGC821 and NGC3379. We stress that the 
weak soft component in the spectra of NGC821 and 
NGC3379 is most likely due to th e soft X-ray spectra of 
ABs (e.g. IRevnivtsev et al.ll2008l ). Above -1.5 keV en- 
ergy, the spectra are in fairly good agreement with each 
other, which is also confirmed by the 2 — 10 keV band 
Lx/L K ratios dBogdan fc Gilfanovl |20ll . 

To characterize the physical properties of the hot gas, 
we use two approaches. As a first approach, we fit the 
spectra with a simple two component model, consisting of 
an optically-thin thermal plasma emission model (APEC 
in Xspec) and a power law component. During the fit- 
ting procedure, the column density is fixed at the Galac- 
tic value (Table [T]), whereas the abundance is set free. 
In NGC4278, the best-fit temperature and abundances 
of the APEC models are k T = 0.46 ± 0.02 keV an d 
0.12±g;J| of the Solar values (jGrevesse fc SauvaJ Il998ft . 
Using the same model for NGC4697, the best-fit tem- 
perature and abundances of the thermal model are kT = 
0.34± 0.03 keV and 0.14±°;°| of Solar (IGrevesse fc Sauvall 
1998). This simple two component model gives an 
acceptable fit for the X-ray spectra of both galaxies, 
thereby confirming that the notable fraction of the soft 
band emission originates from hot gas. However, this 
two component model does not take into account that a 
small but certain fraction of the soft band emission arises 
from the population of unresolved faint compact objects. 

As a second approach, we use the spectrum of 
NGC3379 as a template to describe the X-ray emission 
originating from faint unresolved sources. The X-ray 
spectrum of NGC3379 can be described with the combi- 
nation of a thermal and a power law component, where 
the APEC model has a temperature of 0.67 keV and 
Solar abundance, whereas the slope of the power law is 
T = 1.7. We employ this template spectrum and rescale 
it by the K-band luminosity within the spectral extrac- 
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Fig. 4. — X-ray to K-band ratio image for the central 45" X 45" region of NGC4278. Overplotted contours show the distribution of 
K-band light and the cross marks the center of the galaxy. The hot gas exhibits a bipolar morphology in the norteast-southwest direction 
out to at least ~20" (~1.6 kpc) project ed di stance, thereby hinting at the presence of a galactic-scale outflow. Details on how the image 
was constructed are discussed in Section |4. 51 



tion regions to account for the X-ray emission associated 
with ABs and CVs in NGC4278 and NGC4697. Thus, 
the spectrum of NGC4278 and NGC4697 is fit with a four 
component model, which comprises two thermal and two 
power law models. One thermal and one power law com- 
ponent describes the emission arising from ABs and CVs, 
therefore the parameters of these models are fixed at 
the values deduced from the NGC3379 spectrum and are 
scaled according to the K-band light of the given regions. 
The second power law component accounts for the emis- 
sion originating from unresolved LMXBs in NGC4278 
and NGC4697. We emphasize that in the soft band the 
emission associated with the power law models does not 
play a dominant role. Indeed, in the 0.3 — 1.2 keV band, 
< 25% of the total flux originates from the power law 
components. The parameters of the hot gas associated 
with NGC4278 and NGC4697 are described with the sec- 
ond thermal model. Interestingly, the derived best-fit 
gas temperature of NGC4278 is 0.34 ± 0.03 keV, which 



is significantly lower than that obtained with the sim- 
ple two component mo dels and is in good a greement 
with that measured by Pellegrini ct al. (2012). In the 
case of NGC4697, the best-fit temperature is 0.32 ± 0.02 
keV, being in good agreement with the previously mea- 
sured value. We also note that the best-fit abundances 
remained essentially unchanged, that is, both NGC4278 
and NGC4697 exhibit strongly sub-solar abundances. 

The difference in the observed gas temperatures in 
NGC4278 is most likely due to its gas-poor nature. In- 
deed, in NGC4278, -25% of the 0.5 - 2 keV band lu- 
minosity arises from the population of CVs and ABs, 
which adds a notable contribution to the observed ther- 
mal emission. Therefore, when fitting the X-ray spec- 
trum with a simple two component model consisting of 
one thermal plasma model and one power law model, the 
best-fit temperature of the thermal model is the weighted 
average temperature of the truly diffuse gaseous emis- 
sion and the unresolved faint compact objects (for further 
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Fig. 5. — X-ray to K-band ratio image for the central 150" X 150" region of NGC4697. Overplotted contours show the distribution of 
K-band light and the cross marks the center of the galaxies. The image illustrates that the hot X-ray gas has a notably broader distribution 
than the stellar light. However, besides its broa d di stribution, the X-ray gas does not exhibit any further asymmetries. Details on how the 
image was constructed are discussed in Section 14.51 



discussion see Section IBT4"|) . When two distinct thermal 
models are applied, their temperatures are not averaged, 
which in the case of NGC4278 results in a lower temper- 
ature for the truly diffuse gaseous emission. Obviously, 
this effect is less significant in more gas-rich galaxies, 
such as NGC4697, where the emission from unresolved 
CVs and ABs plays a lesser role. In further discussions, 
we employ the above-discussed four component spectral 
model, that is we take into account the contribution of 
faint unresolved sources to the X-ray emission. 

4.4. The X-ray gas content of NGC3379 

In NGC3379, we did not detect notable X-ray emis- 
sio n from hot ionize d gas, in agreement with the results 
of iRevnivtsev et aT] (|2008l ) . However, our concl usions 
are in conflict with those of iTrinchie ri et all ([2008), who 
claimed that NGC3379 hosts X-ray emitting gas within 
the central < 20". In principle, it is poss ible that the ap- 
plied point source exclusion regions by ITrinchieri et al.l 



(2008) were too small, and the excess emission in the cen- 
tral regions is due to "spill-over" counts from bright point 
sources. Within the central 20" circular region, we detect 
12809 source counts in the 0.5 — 2 keV band, of which 
12491 are associated wit h bright point sources, if 2" aper- 
ture radii are used as in ITrinchieri et all (|2008l ). That is, 
only 318 counts, or «2.5% of the total counts, could be 
associated with the diffuse emission within the central 
20" region. Since, on-axis, the applied 2" source aper- 
ture encircles ~98% of the point spread function for 0.5 
keV energy, the number of "spill-over" counts from point 
sources is ~250 within the central 20". Thus, ~79% of 
the unresolved counts are likely to be associated with 
bright point sources rather than truly diffuse emission. 
Finally, we also mention that «43% of the source counts 
originate from the nuclear source in NGC3379, hence the 
fraction of "spill-over" counts is most significant in the 
central ~10" region. Therefore, to avoid being domi- 
nated by the source counts falling outside the source cells, 
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Fig. 6. — Surface brightness distribution of the 0.3 — 1.2 keV energy band unresolved X-ray emission for NGC4278 (left panel) and 
NGC4697 (right panel). The profiles are obtained for circular wedges, whose inner and outer radii are 7 — 23" for NGC4278 and 20 — 50" 
for NGC4697. As shown in the plots, 90° corresponds to north and 180° corresponds to east. The X-ray peaks observed for NGC4278 in 
Figure [4] are located at ~135° (north-east) and ~315° (south-west). Vignetting correction is applied and the background components are 
subtracted. The X-ray profiles are compared with the K-band profiles. Note that the normalization of the K-band profiles agree with those 
of Figure [2] 



we excluded the central 7" of NGC3379 throughout this 
study. 

4.5. Morphology of the hot X-ray gas 
m NGC4278 and NGC4697 

Having demonstrated the presence of hot gas in 
NGC4278 and NGC4697, we intend to map its morphol- 
ogy. Understanding the spatial distribution of the gas 
may provide important hints about its physical state. 
We use two techniques to determine the morphology of 
the gas. First, we produce a ratio image of the 0.3 — 1.2 
keV band X-ray image and the K-band image. The X- 
ray-to-K-band ratio image allows us to only study the 
distribution of the hot gas, since other X-ray emitting 
components - whose luminosity is proportional with the 
K-band light - are removed. However, this procedure has 
certain weaknesses: in regions where the X-ray emission 
is not associated with the K-band light, the ratio im- 
age may have very large values; and due to the strongly 
processed nature of the images, the central few arcsec 
regions cannot be trusted. To gain insight into the dis- 
tribution of the hot gas, we prepared both the X-ray 
and the K-band images. In particular, we excluded the 
resolved X-ray sources from the Chandra images, and 
filled their locations with the local emission level apply- 
ing the DMFILTH task of CI AO. Moreover, the X-ray im- 
ages are vignetting corrected, the estimated background 
level is subtracted, and adaptive smoothing is applied us- 
ing the CIAO CSMOOTH tool. The K-band images were 
smoothed by convolving them with a Gaussian. The 
applied smoothing widths are comparable to the typi- 
cal smoothing widths near the center of the X-ray im- 
ages. The obtained ratio images are renormalized, and 
the highest pixel value is assigned the value of 1. 

The X-ray-to-K-band ratio images for NGC4278 and 
NGC4697 are depicted in Figure 0] and Figure [SJ respec- 
tively. For NGC4278 we show the central 45" x 45" re- 
gion, where the hot X-ray emitting gas is most promi- 
nent. Figure [4] demonstrates that the gas distribution 
in NGC4278 significantly deviates from the stellar light: 



the X-ray emission is strongly elongated in the northeast- 
southwest direction, which may indicate the presence of 
a galactic-scale outflow. Figure [5] shows the X-ray-to-K- 
band ratio image for NGC4697. Since the X-ray gas has 
a broad distribution in NGC4697, we studied the central 
150" x 150" region. We note that ~80% of the stel- 
lar light is confined within this region. The ratio image 
confirms that the hot gas is significantly more extended 
than the stellar light. However, besides the broad gas 
distribution, we did not detect any notable asymmetries 
associated with the gas distribution. 

As a second approach, we produce X-ray surface 
brightness distribution profiles of the 0.3 — 1.2 keV band 
unresolved emission using circular wedges (Figure H]). 
The profiles are obtained in the same way as described 
in Section [4. II The X-ray profiles are compared with the 
K-band light distributions, whose normalization agrees 
with those applied in Figure [5] The major advantage 
of this method is that we deal with the original X-ray 
and K-band images, which are not affected by the vari- 
ous processing procedures. Therefore, these profiles can 
confirm our findings based on the X-ray-to-K-band ratio 
images. Since the hot gas is centrally concentrated in 
NGC4278, the inner and outer radii of the applied an- 
nulus is 7 — 23". The left panel of Figure [B] confirms the 
bipolar distribution of the hot ionized gas: the soft band 
X-ray emission has two major peaks, namely at the posi- 
tion angles of 105—165° and 285—345°, which correspond 
to the northeast and southwest directions. In the right 
panel of Figure [5J we show the surface brightness profiles 
for NGC4697, which were obtained for a circular annu- 
lus with inner and outer radii of 20 — 50". As expected 
from the X-ray-to-K-band image, the X-ray profiles are 
approximately uniformly higher than the K-band profiles 
at every position angle. Thus, the profiles do not unveil 
any major asymmetries associated with the X-ray light 
distribution. 
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Fig. 7. — Projected temperature profiles of the diffuse emission in NGC4278 (left panel) and NGC4697 (right panel). To obtain the 
profiles, the X-ray energy spectra were extracted from circular annuli centered on the center of the galaxies. The spectra were described 
with a four component model consisting of two thermal plasma (APEC in Xspec) and two power law models. The parameters of one 
thermal and one power law component are determined from the template spectrum of NGC3379, which was used to describe the emission 
associated with the populations of faint compact objects. The depicted temperatures are the best-fit temperatures of the second thermal 
component. The abundance was set to 0.1, which is close to that obtained for the spectrum integrated over the entire galaxy. 



5.1. Physical state of the hot gas in NGC4278 

The bipolar distribution (Figure [4]) of the hot gas in 
NGC4278 suggests that it is not in hydrostatic equilib- 
rium, but more likely in an outflow state. In principle, 
galactic-scale outflows can be driven by the energy input 
of SNe la and the outflowing mas s can be replenishe d by 
stellar yields from evolved stars (|David e t al. 2006]). To 
explore whether a galactic-scale outflow can be sustained 
in NGC4278, we investigate the mass and energy budget 
of the galaxy. 

Since the X-ray gas is most luminous in the central re- 
gions of the galaxy, we use two rectangular boxes with 
9" x 20" (0.7x 1.56 kpc) that are coincident with the elon- 
gated features detected in the X-ray-to-K-band image 
(Figure |4]). For further computations, we assume that 
the path length of the gas is 0.7 kpc. We extract a com- 
bined spectrum from these regions, which also confirms 
the thermal nature of the emission. The best-fit temper- 
ature and abundance of the hot gas is kT = 0.43 ± 0.03 
keV and 0.12^°;^ Solar (IGrevesse fc Sau vail [1991 . The 
0.5 — 2 keV X-ray luminosity of the thermal emission in 
the studied cylindrical shell is 3 x 10 38 erg s _1 . From 
the emission measure, we estimate that the gas mass 
within the studied volume is — 10 6 M , the average 
number density is 0.05 cm~ 3 , and the cooling time is 
*cooi = (3feT)/(n e A(T)) « 1.2 x 10 8 years. 

Given the parameters of the X-ray gas, we investigate 
whether the stellar yields from evolved stars can main- 
tain the outflow. The average stellar yiel d in elliptical 
galax ies is -0.0021 (L K /L Ki0 ) M Q Gyr -1 (jKnapp et all 
1992). The K-band luminosity of the cylindrical shell is 
Lk = 6.0 x 10 9 Lk.0, and hence the mass loss rate is 
M* = 0.013 M Q yr -1 . Thus, the stellar yields are able to 
produce the observed gas mass in a timescale of —8 x 10 7 
years, which is shorter, but comparable with the cooling 
time of the gas. The observed low gas mass and the short 
replenishment time of the gas indicates that the stellar 
yields from evolved stars are not retained in the galaxy, 
but are removed in the form of a galactic-scale outflow. 



If the gas is outflowing from the galaxy, SNe la are 
likely candidates to drive the outflow. Therefore, we 
compute whether the energy input from SNe la is suffi- 
cient to sustain the outflow. The frequency of SNe la in 
old stellar populations, such as NGC4278, is proportional 
to the stellar mass and hence to the K-band luminosity 
of the galaxy. Indeed, Mannucc i et al.l ()2005h observed 
an SN la frequency of N sma = 0.035^;^ SNu for E and 
SO galaxies, where 1 SNu = 1 SN/10 10 Lk.q per century. 
Based on the K-band luminosity of the selected regions, 
the estimated averag e SN la rate is 2.1 x 10" 4 yr -1 . As- 
suming that the average energy output of one SN la is 
10 51 erg, we estimate that at most 6.7 x 10 39 erg s _1 
is available to heat the gas and drive the outflow. The 
required power to drive the outflow can be computed as 

Pm = 7.2M*a 2 (2) 

where M* is the stellar mass l oss rate and a is t he veloc- 
ity dispersion of the galaxy (jDavid et al.l l2006h . Using 
the velocity dispers ion of NGC4278 (a = 237.2 km s" 1 - 
iPaturel et all 120031 : HyperLed£0) and the stellar mass- 
loss rate (M* = 0.013 M Q yr" 1 ), we estimate that 
Putt = 3.3 x 10 39 erg s -1 is needed to drive the out- 
flow. The gas shed by evolved stars is shock heated 
to the virial temperature of kT = a 2 ^,m p — 0.36 keV, 
adopting /i = 0.62. This value is approximately consis- 
tent with the observed X-ray gas temperature. There- 
fore, the total power required to drive the outflow is 
Ptot ~ 3.3 x 10 39 erg s -1 , which is —50% of that available 
from SNe la. Thus, we confirm that SNe la are capable 
of sustaining a galactic-scale outflow in NGC4278. 

Although the energy input of SNe la can sustain a 
galactic-scale wind, in principle it is possible that the 
central supermassive black hole also plays a role in driv- 
ing the outflow. NGC4278 hosts a low-luminosity active 
galactic nucleus (AGN), which at present is in outburst , 
exhibiting a parsec scale radio jet (jGiroletti et al.|[2005|) . 

2 http://leda.univ-lyonl.fr 
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Fig. 8. — Cumulative gas mass distribution for NGC4278 (left panel) and NGC4697 (right panel). To obtain the gas mass profiles, 
spherical symmetric gas distribution was assumed. The total stellar mass of NGC4278 within 50" is 4.9 X 10 10 Mq, hence the X-ray gas 
mass fraction is ~0.06%. NGC4697 is a significantly more gas-rich system - within 90" its total stellar mass is 5.4 X 10 10 Mq, implying a 
gas mass fraction of ~0.4%. 



The estimated black hole mass of NGC42 78 based on 
the M. — a relation (jGiiltekin et al.l I2009T ) and the ve- 
locity dispersion of the galaxy (er = 237.2 km s^ 1 ) is 
—3.3 x 10 8 Mq. Assuming that the outflow is driven 
by the energy input of a preceding AGN outburst, we 
estimate the occurrence time of the presumed outburst. 
Based on the X-ray surface brightness profile (Figure [5]), 
the outflow may extend to —40" (—3.1 kpc). If the gas 
moves with the sound speed, which in a 0.4 keV plasma 
is c s = y/ ("fkT) I '{ixmu) — 320 km s _1 , then adopting 
7 = 5/3 and /i = 0.62, we derive that the outburst oc- 
curred —9.5 x 10 6 years ago. However, two observational 
flaws make this proposed interpretation unlikely. First, 
if an outburst happened —9.5 x 10 6 years ago, the detec- 
tion of radio emission associated with the outburst would 
be likely. However, in the 1.4 GHz Very Large Array ob- 
servation of NGC4278, only the nucleus is detected, but 
no extended radio emission is observed. Second, AGN 
outbursts produce X-ray cavit ies in the hot gas distribu- 
tion (e.g., Bog dan et al.ll20lU) . Our Chandra images do 
not reveal such cavities. Instead, the morphology of the 
X-ray gas is consistent with a bipolar galactic-scale out- 
flow (Figure El). We thus conclude that the galactic-scale 
outflow in NGC4278 is most likely driven by the energy 
input of the population of SNe la. 

Based on the detection of an SN la driven outflow in 
NGC4278, we can constrain the supernova efficiency pa- 
rameter (£), which is the percentage of the supernova en- 
ergy that heats the gas and drives the ou tflow. Numer- 
ical simulations by iThornton et al.l (|1998fl showed that 
the value of £ is typically —10%, but may be as high 
as —30%. The presence of an SN la driven outflow in 
NGC4278 implies that the supernova efficiency parame- 
ter is £ > 50%, exceeding those predicted by numerical 
simulations. 

To describe the large-scale properties of the X-ray gas, 
we extract spectra using circular annuli centered on the 
centroid of NGC4278. The column density is fixed at the 
Galactic value, while the abundance of the second ther- 
mal model is fixed at 0.1 Solar, which is close to the best- 



fit average value. The projected temperature profile is 
shown in the left panel of Figure [3 which illustrates that 
the hot gas is approximately isothermal with kT — 0.35 
keV. To estimate the gas mass within NGC4278, we as- 
sume spherical symmetric gas distribution. In the left 
panel of Figure [8] we depict the cumulative gas distribu- 
tion of NGC4278, which reveals that within 50" (-3.9 
kpc) it confines —3 x 10 7 M gas. Within this region, 
the total stellar mass is —4.9 x 10 10 M Q , implying a gas 
mass fraction of —0.06%. 

5.2. Physical state of the hot gas in NGC4697 

The extended spatial distribution of the hot ionized 
gas in NGC4697 is consistent with two physical states. 
The X-ray gas may either be in hydrostatic equilibrium 
in the potential well of the galaxy or it may undergo a 
subsonic SN la driven outflow. To discriminate between 
these possibilities, we compute the physical properties of 
the X-ray gas and its mass and energy budget. 

To explore the physical properties of the hot X-ray gas 
in NGC4697, we extract X-ray energy spectra using cir- 
cular annuli centered on the centroid of the galaxy. Since 
the average abundance within the D25 ellipse is 0.14^q'q4 
(jGrevesse fc SauvaJll998t ). we fix the abundances of the 
second thermal model at 0.1 Solar. The column density 
is fixed at the Galactic value (Table [1]). From the best- 
fit temperatures of the thermal components, we derive a 
projected temperature profile, shown in the right panel 
of Figure [7] The profile demonstrates that within the 
central —90", the X-ray gas is approximately isothermal 
with kT — 0.3 keV, beyond which radius the X-ray gas 
temperature gradually increases to kT — 0.7 keV. This 
result can be interpreted in a simple manner in view of 
the environment of NGC4697. Indeed, NGC4697 is a 
member of a small galaxy group with 10 members, hence 
the gas with —0.7 keV temperature is most likely associ- 
ated with a larger scale group atmosphere. Thus, within 
the central —90" radius, the —0.3 keV galaxy gas domi- 
nates the diffuse emission, and at larger radii the hotter 
group gas becomes predominant. 

We derive the X-ray gas mass by employing the same 
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spectral extraction regions, and assuming a spherically 
symmetric gas distribution. From the emission measure 
of the thermal component, we derive the confined gas 
mass in each shell. The resulting cumulative mass pro- 
file is depicted in the right panel of Figure [H which 
shows that within 90" (-5.1 kpc), NGC4697 contains 
—2.1 x 10 8 M© of gas. We note that this region com- 
prises —82% of the total stellar light of the galaxy. The 
total stellar mass within 90" is 5.4 x 10 10 M Q , hence 
the X-ray gas mass fraction is —0.4%, which significantly 
exceeds that of NGC4278 (-0.06%; Section EE) and is 
consistent with values obtained for mo re X-ray luminous 
galaxies (— 1%; iFukazawa et al.l 120061 ). whose X-ray gas 
content is in hydrostatic equilibrium. This suggests that 
the X-ray gas content of NGC4697 is in hydrostatic equi- 
librium rather than in an outflow state. 

To further study the physical state of the gas, we derive 
the timescale on which the observed gas can be replen- 
ished by the stellar yields of evolved stars. Since the 
galaxy gas dominates the X-ray emission within —90" 
radius, the calculations presented below refer to this re- 
gio n. Using the averag e stellar yields for elliptical galax- 
ies (jKnapp et al.lll9921) , we estimate an average mass loss 
rate of 0.14 M Q yr _1 . Hence, evolved stars can replen- 
ish the observed —2.1 x 10 s M Q X-ray gas mass on a 
timescale of —1.5 Gyr. This timescale exceeds the cooling 
time, which is < 1 Gyr within the central —90" region. 
Thus, most, if not all, hot gas has been retained in hy- 
drostatic equilibrium in the past —1.5 Gyr, implying the 
absence of galactic-scale outflows. 

Alternatively, it is also feasible that only a fraction 
of the X-ray gas leaves the galaxy in a s ubsonic out- 
flow driven by the energy input of SNe la (|David et al.l 
Il991[ ). We derive the available energy input from SNe 
la, using the average SN la frequency in E/S0 galax- 
ies (|Mannucci et al.ll2005| ) and the K-band luminosity of 
NGC4697. We obtain an SN la rate of 2.3 x 10~ 3 yr" 1 . 
Assuming that the average energy output from SNe la is 
10 51 erg, SNe la can add at most 7.3 x 10 40 erg s" 1 . To 
estimate the required power to drive the outflow, we use 
t he velocity dispersio n of NGC4697 (a = 170.9 km s _1 
- iPaturel et al.ll2003t HyperLedc0), the stellar mass- loss 
rate (M* = 0.14 M yr _1 ), and Equation (2). We thus 
obtain Pnf t = 1.9 x 10 40 erg s" 1 . If the gas is heated to 
the virial temperature of kT = 0.19 keV, then SNe la 
need to heat the gas an additional —0.1 keV per particle, 
which in total corresponds to — 10 39 erg s^ 1 . Hence, the 
total required power to heat the gas and drive an out- 
flow is —2 x 10 40 erg s _1 , which is —30% of that available 
from SNe la. 

Although SNe la are energetically capable of driving 
an outflow, the above-discussed characteristics of the gas 
indicate the absence of a global galactic-scale outflow. A 
likely explanation of the absence of an outflow and the 
large gas mass may be that NGC4697 is located in a 
galaxy group. Indeed, the temperature profile of the hot 
X-ray gas demonstrated the presence of a hotter compo- 
nent beyond the —90" radius, which presumably is asso- 
ciated with the group emission. The hot X-ray gas inside 
and outside the optical extent is in pressure equilibrium, 
thereby suggesting that it is in hydrostatic equilibrium 

3 http://leda.univ-lyonl.fr 



and not in an outflow state. T his result is in good agree- 
ment with those obtained by iDavid et al.l (|2006l ) , who 
also concluded that the ambient pressure in a dense en- 
vironment may be able to suppress the evolution of an 
outflow. 

5.3. Galactic- scale outflows in NGC821 and NGC3379 

Although no hot gas is detected from NGC821 and 
NGC3379, this does not imply the absence of X-ray 
gas and galactic-scale outflows. As discussed above, 
evolved stars eject stellar yields at a constant rate, which 
is proportional with the K-band luminosity (or stellar 
mass) of the galaxy. Based on the K-b and luminos- 
ity of NGC821 and NGC3379 and using IKnapp et al.1 
(1992), we estimate mass input rates of 0.17 M yr _1 
and 0.13 M© yr _1 , respectively. Hence, on a timescale 
of 5 Gyr, whi ch is comparable with the ste llar age of 
these galaxies (|Sanchez-Blazquez et al.ll2~006D . the accu- 
mulated gas mass should be on the order of — 10 9 M Q . 
Such large gas masses would imply a gas mass fraction 
of —1%, similar to those o bserved in massive, X -ray lu- 
minous early- type galaxies ( Fukazawa et al. 2006) . How- 
ever, such a large gas mass is not observed in NGC821 
and NGC3379, implying that the X-ray gas is driven from 
the galaxies. 

A plausible way to remove the X-ray gas from the po- 
tential well of the sample galaxies is via galactic-scale 
outflows. To derive whether SNe la are energetically ca- 
pable of driving an outflow, we compute the available en- 
ergy input from SNe la. Given the K-band luminosities 
of NGC821 an d NGC3379 (Table H a nd the average SN 
la frequencies (jMannucci et al.l 12005) . we obtain SN la 
rates of 2.9 x 10~ 3 yr _1 and 2.1 x 10~ 3 yr -1 , respectively. 
Assuming that each SN la contributes with -EsNia = 10 51 
erg, we derive that at most 9.2 x 10 40 erg s _1 and 
6.7 x 10 40 erg s" 1 is available in NGC821 and NGC3379, 
respectively. We confront this value with that required 
to drive the outflow. Therefore, we use Equation (2), 
the stellar mass input rates, and the velocity dispersions 
of NGC821 and NGC3379, which are 200.2 km s" 1 and 
209.2 km s _1 , respectively. Hence, to drive an outflow 
from NGC821 and NGC3379, P mt = 3.1 x 10 40 erg s^ 1 
and Piift = 2.6 x 10 40 erg s -1 are required. Thus, the 
required power is < 40% of that available from SNe la, 
implying that SNe la are capable of driving galactic-scale 
outflows in both galaxies. 

The non-detection of X-ray gas in NGC821 and 
NGC3379, may be explained by the low gas densities. 
Since the emission measure is proportional to the den- 
sity square of the gas, the density plays a crucial role 
in determining the observed X-ray luminosity of the gas. 
For example, if the gas density in NGC4278 was a fac- 
tor of three lower, then the X-ray luminosity would de- 
crease by factor of nine. However, such a low luminos- 
ity gaseous emission could not be detected, therefore 
NGC4278 would appear as a gas-free galaxy. Follow- 
ing this line of argument, it is likely that both NGC821 
and NGC3379 host a small amount of outflowing X-ray 
gas, which remains unidentified due to its relatively low 
density and hence low X-ray luminosity. These consider- 
ations are in good agreement with t he hydrodynamical 
simulations of Pellegrini et al. (2007), who showed that 
the luminosity of an outflow from NGC821 may fall be- 
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low the detection limit. 

Although the radial profiles, the X-ray spectra, and the 
Lx /Lk ratios argue for the non-detection of hot X-ray 
gas in NGC821 and NGC3379, we place upper limits on 
the gas content of these galaxies. Since the Lx /Lx ratios 
of NGC821 and NGC3379 are in fairly good agreement 
with that obtained for the truly gas-free compact ellip- 
tical galaxy, M32, we estimate that the hot X-ray gas is 
unlikely to be responsible for more than 20% of the ob- 
served thermal component in NGC821 and NGC3379. To 
this end, we extract the X-ray energy spectra of NGC821 
and NGC3379 for their D25 ellipses, and describe it with 
a two component model, consisting of a thermal plasma 
emission model (APEC) and a power law component. To 
fit the spectra, we assumed a 0.1 Solar abundance and 
Galactic column density for both galaxies. The best-fit 
temperatures of the thermal models are 0.62+q 'jj keV 
for NGC821 and 0.67l^ keV for NGC3379. Assum- 
ing that 20% of the thermal emission originates from hot 
ionized gas and assuming uniform gas density, the upper 
limits on the confined gas masses are ~3 x 10 7 M Q for 
NGC821 and -1 x 10 7 M Q for NGC3379. 

5.4. Metallicity of the hot X-ray gas 

SNe la do not only deposit energy into the X-ray emit- 
ting gas, but also enrich it with iron-peak elements. On 
average, each SN la produces 0.7 M Q iron, thereby en- 
riching the interstellar medium. Although the abundance 
of the stell ar e.jecta is likely to be sub-solar in low-mass 
ellipticals ( Gallazz i et al.1 120061 ). if the stellar yields un- 
dergo complete mixing with the iron-peak elements, then 
the abundances of the hot gas are not expected to agree 
with the stellar yields, but should be highly super-solar 
(|David et al.|[200l iBogdan fc Gilfanovl 120081 ) . However, 
the measured abundances are 0.12^^3 in NGC4278 and 

0.14lg;o4 in NGC4697 (SectionEOJ). That is, both galax- 
ies exhibit strongly sub-solar abundances, in conflict with 
the theoretical expectations. 

The observed low abundances may partly be caused by 
the modest energy resolution of Chandra CCDs and the 
relatively low number of detected photons, which may 
result in large systematic uncertainties in the abundance 
determination. In principle, the problem of inaccurate 
spectral modeling can be circumvented with the applica- 
tion of grating spectroscopy. Although distant galaxies 
with very low X-ray gas content are not suitable for such 
an investigation due to the low number of photons, stud- 
ies of nearby and/or gas- rich galaxies found that abun- 
dances observed from CCD spectra are in fairly good 
agreement with those observed by grating spectroscopy 
(|Liu et al.ll20iq Ui et all 120091) . Therefore, it seems un- 
likely that the approximately order-of-magnitudc differ- 
ence between observed and expected abundances origi- 
nates from systematic uncertainties. 

The predicted super-solar abundances invoke the com- 
plete mixing of iron with the stellar yields. However, 
numerical simulations point out that in the case of an 
outflow, the iron is not well mixed with the ambien t 
gas, resulting in sub-solar abundances (jTang et all 2009). 
Therefore, the low abundances observed in NGC4278 
(and possibly in NGC4697) may imply that the observed 
sub-solar abundances are (at least partly) due to the in- 
complete mixing of stellar yields and iron from SNe la. 



In general, the low abundance in low-mass ellipticals 
may be due to the shallow gravitational potential well 
of these galaxies. At early epochs of galaxy formation, 
core collapse supernovae produce a-elements. Due to su- 
pernova driven winds, a large fraction of these elements 
could be removed from galaxies with shallow potential 
wells, but are retained in galaxies with more ext ended 
halos (|Tremonti et all 12004 iGallazzi et all [20061. At 
later epochs, SNe la contribute with iron peak elements, 
thereby enriching the interstellar medium. In general, 
low-mass ellipticals are more sensitive to AGNs and SNe 
la driven outflows at all times, which may have a major 
influence on their metal enrichment histories. 

It is also possible that the observed low abundances 
are in part caused by the iron bias, which appears if a 
multi-temperature plasma or a temperatur e gradient is 
descr i bed with a single- temperature model (jBuote et al.1 
120001: IBaldi et al.l [2006V To illustrate the importance 
of the iron bias, we produced a set of two-temperature 
thermal emission model (APEC) spectra for NGC4697, 
which we fit with a single-temperature model. The tem- 
peratures of the model spectra were kT\ = 0.2 keV and 
kT2 = 0.4 keV, whereas the applied set of abund ances 
varied from 0.2 to 5 Solar (jGrevesse fc Sauvallll998D . The 
normalizations of the two thermal components were set, 
and the column density was fixed at the Galactic value. 
When describing the two-temperature model with a sin- 
gle temperature spectrum, the best-fit temperature - in- 
dependent of the abundance - is kT w 0.3 keV. However, 
the best-fit abundance is significantly lower than the orig- 
inally assumed value, and it is in all cases subsolar. In 
particular, if the original abundances are set to 5/1/0.5 
Solar, then the best-fit values are «0. 55/0. 35/0. 25 So- 
lar. Although all these values exceed that obtained for 
NGC4697, this examination illustrates that describing a 
multi-temperature plasma with an overly simplistic spec- 
tral model may have major effects on the observed abun- 
dances. We stress that this conclusion does not only refer 
to NGC4697 but is representative for other galaxies with 
similar parameters as well. 

Finally, we also mention the existence of a strong de- 
generacy between the e mission measure a nd the abun- 
dance of the hot gas (e.g. lDavid et al.ll2006[ ). This degen- 
eracy may have important consequences on the observed 
parameters of the hot X-ray gas. If, for example, the 
abundance of the gas is about Solar (^10 times higher 
than the best-fit values for NGC4278 and NGC4697), 
then the derived the densities, gas masses, replenishment 
times, and cooling times must be reduced by a factor of 
«3.3. 

6. CONCLUSIONS 

We studied the unresolved X-ray emission, the hot 
ionized gas content, and the physical state of the hot 
X-ray gas in four low-mass elliptical galaxies (NGC821, 
NGC3379, NGC4278, NGC4697) based on archival 
Chandra observations. Our results can be summarized 
as follows. 

1. We find that the bulk of the unresolved emission in 
NGC821 and NGC3379 originates from a large number 
of faint compact and stellar objects, such as CVs and 
ABs. Despite the non-detection of hot gas, low density, 
and hence low luminosity X-ray gas components may be 
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present, which, driven by the energy input of SNe la, 
outflow from the galaxies at a steady rate. 

2. We detect hot X-ray gas with a temperature of 
kT ~ 0.35 keV in the central ^50" (^3.9 kpc) region 
of NGC4278. The total gas mass within this region is 
^3 x 10 7 Mq, hence the corresponding gas mass fraction 
of ^0.06%. The X-ray gas exhibits a bipolar morphology 
in the northeast-southwest direction, suggesting that it 
is outflowing from the galaxy. We conclude that the out- 
flowing mass can be replenished by the stellar yields of 
evolved stars and the outflow can be driven by the energy 
input of SNe la. Based on the existence of an outflow in 
NGC4278 and the energy budget of the galaxy, we place 
a lower limit of ~50% on the supernova efficiency param- 
eter. 

3. We show that NGC4697 hosts X-ray gas at all radii, 
whose temperature within a region with a ~90" radius is 
kT ~ 0.3 keV, beyond which radius the gas temperature 
increases to ~0.7 keV. We identify the hotter gas with the 
group atmosphere surrounding NGC4697. Although the 
X-ray gas has a significantly broader distribution than 
the stellar light, it does not show any asymmetries. The 
gas mass within the central ~90" region is ~2.1 x 10 8 M Q , 
implying a gas mass fraction of ~0.4%, which is compa- 
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